Many experimental catchments are located in hilly or mountainous areas, such as Hubbard Brook (Hornbeck et al., 1997) , Maimai (McGlynn et al., 2002) , Rietholzbach (Seneviratne et al., 2012) , and Plynlimon (Robinson et al., 2013) , but few are located in lowlands. Lowlands, defined here as areas with shallow groundwater, are often densely populated and their rural areas are optimized for agriculture with ditches, drainpipes, weirs, and culverts. The Hupsel Brook catchment has been used since 1964 as an example rural lowland area for research and education to understand rainfall-runoff processes, land-atmosphere interactions, and solute transport in such landscapes and to investigate how they are affected by changes in land use and water management practice.
Here we describe the Hupsel Brook catchment as an experimental site. First, we reflect on the motivation for setting up this site and describe general catchment characteristics. Then, we give highlights from long-term observations, dedicated campaigns, and extreme events. Finally, we describe data management, summarize the most important scientific findings, and give future perspectives.
Motivation and Science Questions
The origins of the Hupsel Brook catchment as a hydrological observatory can be traced back to the period 1947 to 1957, the reconstruction years, when the east of the Netherlands suffered several severe droughts, causing significant crop damage. In 1957, the Province of Gelderland established an expert committee to study the water demand of its agricultural areas. The committee soon realized that this could not be seen in isolation from other aspects of water management, such as the drinking water supply, release of wastewater, and sewage overflows from urban areas. This called for an integral approach, combining aspects of geography, soil science, (geo)hydrology, hydrometeorology and (agricultural) economics for what the committee in its 1970 report called a "multipurpose" study (Colenbrander et al., 1970) . Around the same time, hydrological research gained interest internationally, stimulated by UNESCO's initiative for the first International Hydrological Decade (1965 Decade ( -1975 Colenbrander, 1965 The committee selected the Leerink Brook catchment (52 km 2 , including the Hupsel Brook as headwater) as one of its main study areas representing the freely draining, sandy catchments in the east of the Netherlands. The gently sloping terrain and shallow impermeable layer allow this area to be characterized hydrologically as "flashy," and in earlier times, before extensive drainage and retention measures were taken, the area was prone to inundations.
To achieve its objectives, the committee recommended the installation of a dense hydrometeorological monitoring network in the Leerinkbeek area, including ground rain gauges spaced 3 km apart (paying careful attention to the type of gauges), 12 discharge measuring weirs, and a dense network of piezometers, soil moisture probes, and soil surveys. Areal evaporation was initially estimated as residual from the water budget.
Although the original motivation for initiating this hydrological observatory was the improvement of agricultural water management during times of both water shortage and excess, the committee's work laid the foundation for a thorough understanding of the hydrological functioning of freely draining lowland catchments. Ever since this pioneering work in the mid-1960s, the Hupsel Brook catchment has remained a study area for generations of Dutch hydrologists and hydrology students.
Catchment Characteristics

Catchment Description
The catchment of 6.5 km 2 is located in the east of the Netherlands (outlet at 52°3¢51² N, 6°37¢44² E). It is slightly sloping (0.8%), with elevations changing between 22 and 35 m asl (Fig. 1 , adapted from van der Velde et al., 2009) . Its soil consists of a loamy sand layer (with some clay, peat, and gravel; Fig. 2c ) of 0.2-to 10-m thickness on an impermeable clay layer of >20-m thickness (white lines in Fig. 1 ), leading to a single aquifer draining to the brook. In more detail, the soil consists of layers of (from the surface downward): (i) Weichselian eolian sand and some loamy sand; (ii) some local Saalian poorly sorted glacial till; (iii) Middle Pleistocene fluvial coarse sand with gravel; (iv) Miocene marine fine sandy clay and heavy clay; and (v) Oligocene marine heavy clay. Currently, the land use is about 59% grassland, 33% maize (Zea mays L.), 3% forest, 5% built up, and 1% surface water. The brook is 4 km long (Warmerdam, 1979) and its bed has a slope of 0.2%.
Determining the boundaries of lowland catchments is not trivial due to the limited relief and dense network of ephemeral channels. The red catchment boundary shown in Fig. 1 is based on extensive field surveys of the surface water network, topography, and groundwater levels (e.g., Stricker and Warmerdam, 1982) . Observations from 140 piezometers in the 1980s revealed a slight deviation from that boundary. More recently, these groundwater observations were combined with high-resolution surface elevation data and soil surveys in a MODFLOW model. Steady-state simulations resulted in a groundwater map, from which a slightly deviating boundary was derived (van der Velde et al. [2009] , purple in Fig. 1 ). For all cases, the catchment area was similar (6.5 km 2 ).
The brook is of natural origin but was canalized in 1968 and partly restored in 2007. In about 50% of the fields, drainpipes have been installed since the 1960s (Warmerdam, 1979) . Water levels are controlled with several weirs and flumes, of which the levels are fixed. Many culverts connect the brook and ditches.
Climatology
Average annual precipitation (P) is 772 mm (s = 104 mm) and discharge (Q) is 294 mm (s = 97 mm) based on 42 yr (1969-2017 except 1996, 2000, and 2003-2007) for which both annual sums were available (see below for measurement techniques and Fig. 3a for the annual sums). Actual evapotranspiration (ET act ) estimated from the water budget then amounts to 479 mm. Kendall's trend test (Kendall and Stuart, 1989) did not reveal significant trends in annual sums of P and Q.
Precipitation occurs on 50% of the days, but quantities are typically low: on 15% of all days >5 mm was measured and on 5% >10 mm. During 11% of the hours when precipitation was observed, 75% had sums <1 mm. Hourly rainfall sums above 10 mm occur on average three times per year (based on clock hours rather than a moving window).
Snow is of limited importance, even though freezing conditions are common. Subzero daily average temperatures occur on average on 28 d yr −1 , leading to freezing of ponds on the land surface, water in drainpipes, and the upper layer of slowly flowing or standing surface water. On the majority of these days, the daily maximum temperature is >0°C, leading to daily cycles of freezing and thawing. Cold winter conditions are often caused by persistent high-pressure systems with little precipitation: on average, 0.4 mm of precipitation falls on days with daily mean temperature below 0°C, leading to an average of 12 mm (1.5% of total P) of precipitation annually. 
Basic Long-Term Observations
In the Hupsel Brook catchment, many hydrological variables have been measured since the 1960s, in different periods and with varying frequencies. Annual sums for years without data gaps are shown in Fig. 3a .
Precipitation is measured with a rain gauge located at the meteorological station in the catchment ( Fig. 1 and 2e) . Daily values of potential evapotranspiration (ET pot ) are computed from global radiation and temperature data measured at the same meteorological station, using the method of Thom and Oliver (1977 ) until 1988 (Wentholt, 1989 and the method of Makkink (1957) , used countrywide by the Royal Netherlands Meteorological Institute, since 1989. The change in computation method may have led to the step change visible in Fig. 3a . Discharge is measured by a type of H-flume at the catchment outlet (see Brauer et al. [2011] for specifications; Fig. 2 33 sites (six of these are marked with squares in Fig. 1, see below) , from 2007 to 2009 in a field next to the meteorological station (below), and since January 2012 hourly at four sites (diamonds in Fig. 1 ; Site 8 until mid-2013).
Average annual potential evapotranspiration (ET pot ) is 560 mm (computed over 39 yr: 1976-2017 except 1987-1989) . Four years of combined observations showed that ET act is usually within 5% of ET pot (see below for an explanation of the measurement techniques). The difference with respect to ET act determined from the water budget can be explained by measurement errors (e.g., wind errors affecting rain gauge measurements), uncertainty in the computation of ET pot from temperature and radiation observations, and deviation of land use from grass (no crop factors were used to convert reference ET to potential ET).
Water balance terms show seasonal variation (Fig. 3c ). Evapotranspiration exceeds precipitation between April and August, which means that excess water stored in winter is used in summer for both Q and ET. The ratio between mean monthly sums of Q and P varies from 0.79 in January to 0.10 in July, which illustrates that evapotranspiration dynamics have a large impact on catchment storage and consequently on runoff processes and the discharge response to rainfall.
The spatial and temporal variation in soil moisture content and groundwater depth provide information about the catchment behavior. At Piezometers 5 and 2, the aquifer is thinner (Fig. 1) and permeability is lower (not shown), leading to shallower groundwater, which causes a faster response to rainfall events and a stronger relation with discharge but less seasonality than Piezometers 7 and 8 ( Fig. 3d and 3e) .
6 Dedicated Campaigns, Experiments, and Extreme Events Many field campaigns have taken place in the Hupsel Brook catchment. Some campaigns focused on improving measurement techniques for, e.g., rainfall (Warmerdam, 1981) or mapping soil characteristics (Wösten et al., 1985) . Other campaigns were set up to improve process understanding, for example around soil physical properties (Hopmans and van Immerzeel, 1988; Hopmans and Stricker, 1989) . Here, we highlight some important campaigns (evaporation, soil moisture, and solute transport) and events (the 1976 drought and the 2010 flood).
Evaporation, Soil Moisture, and the 1976 Drought
In the late 1970s and early 1980s, there was considerable interest in monitoring of soil moisture and evaporation. From 1976 to 1984, soil moisture profiles (15-205-cm depth) were measured biweekly with a neutron probe (Fig. 2c) at six locations (squares in Fig. 1) . Results are shown for one site in Fig. 3f .
Actual evapotranspiration for the full years 1976 to 1978 was indirectly obtained from hourly observations of net radiation and temperature observations at three atmospheric levels and five soil levels using the energy budget method (Stricker and Brutsaert, 1978) . From April 1979 until October 1987, the observations were intensified in time (20 min) and by extra instrumentation. Solely during the growing seasons (15 April-14 September) and depending on the actual hydrological conditions, wet bulb and dry bulb temperature profiles were routinely collected, and actual evapotranspiration could be estimated directly by Bowen ratio and indirectly by the energy budget methods. The observations have also been used to compare different calculation methods for evapotranspiration under unrestricted soil moisture conditions (De Bruin and Stricker, 2000) In most summers, such as those observed from 1979 to 1982, actual evapotranspiration in the Hupsel Brook catchment is hardly limited by soil moisture (Fig. 6 in Brauer et al., 2014a) and, as a result, can be estimated by potential evaporation. However, during later stages of the extreme summer drought of 1976, actual evapotranspiration was observed to be considerably lower than potential evaporation (Stricker and Brutsaert, 1978) . Later analysis of soil moisture profile observations and the catchment water budget suggested that during the whole warm season, total actual evapotranspiration might still be considerably higher than in an average year, leading to significant soil moisture anomalies, even at depths exceeding 1.5 m. On the other hand, direct observations of actual evaporation at the meteorological station show lower values for 1976 (420 mm) than 1977 (460 mm) and 1978 (480 mm).
Solute Transport and Surface Water Quality
In the 1980s, when intensifying agriculture and excessive use of fertilizers since the 1950s resulted in strongly polluted surface waters, an ambitious water quality monitoring program was initiated (van den Eertwegh, 2002) . The water quality dataset spanning 24 yr of Cl − , NO 3 − , P, and K concentrations is still one of the longest and most detailed (>2200 samples) datasets collected worldwide (for Cl − and NO 3 − , see Fig. 4 ).
This dataset has provided unique insights into the interplay among hydrology, preferential flow, agricultural drainage, water residence time, and water quality (Van Ommen et al., 1989a , 1989b van den Eertwegh, 2002; Rozemeijer et al., 2010; van der Velde et al., 2010b van der Velde et al., , 2011 . Especially the quantification of preferential flow paths has been an important field of study (Fig. 2g) . In turn, this research has inspired the recent development of the storage selection framework (van der Velde et al., 2010a (van der Velde et al., , 2012 Benettin et al., 2013; Rinaldo et al., 2015) , which relates the residence time of water within a catchment to the transit time and concentration of water leaving the catchment.
The dataset is collected during a period of fertilizer use reduction (Fig. 4) , which makes it one of the few long-term datasets that recorded the effects of agricultural measures in detail. The combination of different solutes allowed fundamental insights in solute behavior at the catchment scale. Because these solutes mostly originate from agriculture (Rozemeijer, 2010) , differences found in the p. 6 of 8 reaction of concentrations to rainfall and discharge events can be attributed to solute-specific chemical processes (van der Velde et al., 2010a) . For example, the decline in NO 3 − concentration during dry periods, which is not found for Cl − (Fig. 4) , can be attributed to denitrification because the two solutes behave similarly during wet periods when denitrification is less important.
The 2010 Flood
On 26 Aug. 2010, a mesoscale convective system caused extreme rainfall and floods in the eastern Netherlands and northwestern Germany. In Hupsel, 160 mm of rainfall was measured in 24 h, which corresponds to a return period of >1000 yr at a certain location (Brauer et al., 2011; van de Beek et al., 2016) . Discharge increased from 4.4 ´ 10 −3 to nearly 5 m 3 s −1 (2.8 mm h −1 , compare with Fig. 3b ) in 23 h. The photo in Fig. 2h was taken the day after the peak, when discharge had decreased to 3 m 3 s −1 . Because it was late summer, groundwater tables were relatively deep and soil moisture contents low, preventing a more severe flood. During the flood, four phases were distinguished in the catchment response: (i) soil moisture reservoir filling, (ii) groundwater response, (iii) surface depression filling and surface runoff, and (iv) backwater feedback (Brauer et al., 2011) . The 2010 flood has been used as an example and test case by researchers and water authorities to develop models and improve water management practices (Brauer et al., 2014a (Brauer et al., , 2014b .
Education
In addition to research purposes, the catchment has been used for field training of students from Wageningen University since the late 1960s (Fig. 2) . More than 1000 students have visited the catchment and learned to measure discharge (Fig. 2i) , groundwater, soil transmissivity (Fig. 2b) , soil moisture, precipitation, radiation (Fig. 2f) , turbulent meteorological fluxes, and solutes.
Data Management and Policy
In contrast to many experimental catchments, the long-term observations are nowadays performed by government agencies. The Royal Netherlands Meteorological Institute (KNMI) has operated the meteorological site since 1995, and Water Board Rijn and IJssel has maintained the flume at the catchment outlet since 2000. Data can be freely downloaded from their websites (Royal Netherlands Meteorological Institute, 2018; Water Board Rijn and IJssel, 2018) .
Other datasets are maintained by the Hydrology and Quantitative Water Management Group of Wageningen University and stored according to the group's data management plan. However, not all data from all studies published on the Hupsel Brook catchment are readily available. Because the data have been collected for 50 yr by many people at different organizations, compiling, validating, and organizing the datasets is a challenge, and acquiring funding to correctly archive datasets is difficult. The data presented here, however, can be requested from the authors.
New Insights and Novel Scientific Findings
The observations in the Hupsel Brook catchment improved our understanding of hydrological processes in lowland catchments. The shallow groundwater tables largely determine moisture profiles in the vadose zone, so the saturated and unsaturated zones behave as a coupled system. The availability of groundwater limits the impact of soil moisture deficits in the topsoil, allowing evaporation to continue with little reduction until extremely dry conditions are reached. In terms of rainfall-runoff processes, we found that partitioning of rainwater among various flow paths (e.g., overland flow, drainpipe flow, and groundwater flow) is storage driven and that catchment wetness is the main predictor for the discharge response to rainfall events. However, the interaction between groundwater and surface water (usually <1 m level difference) makes storage-discharge relations non-unique and sensitive to changes in surface water management. Catchment wetness and groundwater-surface water interaction are also the main predictors for solute transport, together with the solute concentrations in the soil water. Solute concentrations in the surface water have decreased only slowly after the drastic reduction in fertilizer application since the 1980s, showing the long residence times of solutes in the soil.
The long time series of hydrological, meteorological, and water quality variables have contributed significantly to understanding hydrological processes in rural lowland areas. The site was active during a period with considerable countrywide changes in land use and water management. Because some variables (e.g., nutrient concentrations; see above) respond slowly to changes, a long dataset is crucial to quantify the long-term effect of these changes. In addition, changes such as drainpipe installation and canalization alter the statistics of high and low flows.
The permanent installations proved valuable during the 1976 drought and 2010 flood, which taught us much about the behavior of the system under extreme conditions (see above). Permanent setups increase the probability of capturing such events and allow comparison with less extreme events and long-term averages.
Finally, the site has been a testbed for many hydrological models. Examples of models that have been developed using experience and data from the Hupsel Brook catchment are the rainfall-runoff model Wageningen Model (Stricker and Warmerdam, 1982) and its successor WALRUS (Brauer et al., 2014a) , the soil physical model SWAP (van Dam et al., 2008) , and integrated groundwater-surface water models SIMGRO (Querner, 1988; van Walsum and Veldhuizen, 2011) and LGSI (van der Velde et al., 2009) . The catchment has also been used for (model) intercomparison studies (e.g., Koopmans et al., 1990; van Lanen et al., 1997; World Meteorological Organization, 1997) and to test new modeling approaches (e.g., Bierkens and Puente, 1990; Brauer et al., 2013) and hypotheses (Brutsaert and Stricker, 1979) .
Future Perspectives
Although hydrological monitoring in the Hupsel Brook experimental catchment is currently less intensive than in the early days of the Leerink Brook hydrological observatory, the name "Hupsel" has remained associated with advances in catchment hydrological research in the Netherlands. With its hydrological records now spanning more than five decades and its characteristics typical for freely draining lowland catchments, we have the ambition to reinvigorate the Hupsel Brook catchment as a hydrological observatory with an international stature. The TERENO experimental catchments in Germany (Zacharias et al., 2011) could serve as examples. The two major hydrological networks in the Netherlands, the Boussinesq Center for Hydrology (uniting academic hydrological research groups) and the Netherlands Hydrological Society (uniting >600 practicing hydrologists), could play coordinating roles in this endeavor. One practical drawback is the highway recently constructed, which intersects the catchment just east of the main discharge measurement station (Fig. 1 ). This could jeopardize the continuity of the hydrological time series being collected in this experimental catchment since the mid-1960s.
